Cronobacter sakazakii causes severe neonatal infections, but we know little about gut carriage of this pathogen in very low birthweight infants.
Cronobacter sakazakii (formerly Enterobacter sakazakii) causes exceptionally severe infections, especially in preterm infants [1] [2] [3] . The Centers for Disease and Control Prevention estimates that C. sakazakii infection case fatality rates are as high as 40% [4] , and although rare, cases are probably underreported [5] . Acquisition of neonatal C. sakazakii infections has been attributed to consumption of powdered infant formula [6] [7] [8] [9] [10] [11] because C. sakazakii survives osmotic and desiccation stress and temperature extremes [12] [13] [14] [15] . Therefore, neonatal intensive care units (NICUs) now use only pasteurized and bottled commercially prepared liquid formulas, except when metabolic disorders require a powdered preparation. Cronobacter sakazakii is found in soil, food, and insect guts [14, 16] , but it is improbable that these vehicles directly transmit C. sakazakii within NICUs. However, infections in neonates who have been fed only human milk [2, 17] , and transmission from contaminated human milk, highlight the need to understand sources of this pathogen [18] . In this exploratory analysis, we combine 16S ribosomal RNA (rRNA) gene sequencing and cultures to determine the prevalence of Cronobacter in the gastrointestinal tract of stools in premature infants. We then relate the carriage to a variety of host characteristics and exposures, most notably the effect of a midstudy elimination of powdered infant formula from the NICU on Cronobacter 16S rRNA gene excretion.
MATERIALS AND METHODS

Study Cohort
The Washington University Human Research Protection Office approved this study. Parental written informed consent was obtained for all participants in a study of gut bacterial risk factors for the development of necrotizing enterocolitis (NEC) [19] [20] [21] [22] . This report is limited to specimens from 121 infants of the St Louis Children's Hospital NICU primary cohort [22] (Supplementary Table 1 ). In brief, all children were enrolled as early in life as possible. All stools were collected at least until day of life (DOL) 60 or the development of NEC. The goal was to determine the microbial content of the gut prior to this event, and compare the bacterial composition to controls. Stools were refrigerated (4°C) briefly, and then frozen (-80°C) until analysis. We sequenced all stools to DOL 30 and then every 3 days thereafter to DOL 60 in children who did not develop NEC and more intensively if the subject subsequently developed NEC. We considered subjects to have had NEC if their clinical courses and abdominal radiographs fulfilled Bell stage 2 or 3 criteria. We selected 1-4 controls per corresponding NEC case, based on gestational age and weight at birth, and birth date. Subject and specimen handling and selection, and definitions of host variables for analysis, are detailed in [22] .
Interval Definitions
The NICU discontinued powdered infant formula on 30 June 2011, after which infants received commercially prepared liquid formula, if human milk was insufficient to provide enteral nourishment. Therefore, we split the 49 months of samples into those collected between 16 November 2009 and 30 June 2011 (formula interval 1) and those collected between 1 July 2011 and 2 November 2013 (formula interval 2). Powdered milk fortifiers were also discontinued on 1 July 2011, except for infants receiving powdered fortifiers on the day of the transition. All formula exposure data relate to the formula in use in the NICU on the day that a particular sample was produced. Only 1 subject produced specimens in both intervals (12 stools in each interval, none of which generated Cronobacter 16S rRNA gene sequences), and continued to receive powdered fortifier for the first week of formula interval 2. We also analyzed Cronobacter 16S rRNA gene presence in samples according to DOL intervals 1-4 in which they were produced, corresponding to DOL 0-15, 16-30, 31-45, and 46-60, respectively (defined in [22] ).
Specimen and Subject Characterization, Data Analysis, and Statistics
We defined per-specimen density as the number of Cronobacter 16S rRNA gene reads in a stool divided by the number of total reads in that stool. We considered specimens with ≥1 Cronobacter 16S rRNA gene sequence to be positive, and those with no such reads to be negative. There were 2 dependent variables examined, which we termed Cronobacter excretion indices: (1) the per-subject percentage positive rates, representing the number of positive specimens divided by the number of specimens sequenced for each subject, and (2) the per-subject read densities, which are the sum of the per-specimen densities divided by the number of specimens sequenced for each subject (Supplementary Figure 1) . These were separately compared to the independent host variables of gestational age at birth, birth weight, sex, race, Apgar scores at 1 and 5 minutes of age, first antibiotic-free DOL, mode of delivery, and human breast milk feeds as defined in [22] . In these comparisons, the dependent variables were divided into the lowest, intermediate, and highest tertiles. Because no subjects from this cohort were of Hispanic/ Latino ethnicity, we did not include this variable in our analysis. The characteristics for the single subject whose specimens were collected in both formula intervals were entered into each interval for analysis. We also determined the frequency of Cronobacter 16S rRNA gene sequences in each DOL interval by calculating the median and interquartile range (IQR) of the per-specimen densities for samples obtained within those intervals. We then compared median densities in each interval to those in each of the other DOL intervals. We used the MannWhitney test and the Fisher exact test to determine the significance of differences between continuous variables (expressed as median and IQR) and categorical variables, respectively.
The comparison of Cronobacter excretion indices to the host characteristics in the tertile analysis and to the DOL intervals obligated 3 and 6 intergroup comparisons, respectively. Therefore, to correct for multiple testing, we defined the corresponding levels of statistical significance for 2-tailed P values as <.017 (ie, .05 ÷ 3), and <.008 (ie, .05 ÷ 6).
Sample Selection for Culturing
We cultured stools if sufficient quantities (≥100 mg) were available. We sought viable Cronobacter from 4 sets of stools. The first set was the 28 stools from 11 subjects in which Cronobacter 16S rDNA sequences were present at proportions (densities) in excess of 5% of total reads, based on our assumption that such specimens would have the greatest pathogen yield. The second set was 109 additional random positive samples based on sequence analysis from 61 subjects in which the Cronobacter density was <5%. The third set was 20 negative samples from 20 subjects, even if 1 or more additional specimens from these 20 subjects were positive in sequence analysis. The fourth set of stools to undergo culture for C. sakazakii consisted of all available stools from the 2 subjects whose randomly selected samples yielded Cronobacter 16S rRNA gene sequences.
Microbial Culture
Ten milligrams of stool was suspended in 90 μL of buffered peptone water and incubated (1 hour, 37°C) before inoculation onto CHROMagar E. sakazakii (DRG International) plates. Plates were incubated (37°C) and examined 24 and 48 hours later, and blue colonies typical of C. sakazakii were streaked for isolation. Single colonies were confirmed as C. sakazakii using matrix-assisted laser desorption-time of flight mass spectrometry (Bruker Biotyper). In spiking experiments, this technique is sufficient to recover viable C. sakazakii if present at ≥10 3 per gram of stool, using American Type Culture Collection C. sakazakii strain 29544 as a test organism. Five or more colonies were saved from each plate for multilocus sequence typing analysis (MLST). For methods related to MLST and whole-genome sequencing, see Supplementary Appendix.
Antibiotic Susceptibilities
The St Louis Children's Hospital clinical microbiology laboratory determined susceptibilities to ampicillin-clavulanic acid, ampicillin, ampicillin-sulbactam, cefepime, cefotaxime, cefoxitin, ceftazidime, ciprofloxacin, gentamicin, meropenem, trimethoprim-sulfamethoxazole, and piperacillin-tazobactam using the Kirby-Bauer disc test, with breakpoints according to Clinical and Laboratory Standards Institute M100-S25.
Data Access
Sequence reads associated with our 16S rDNA data generation have been deposited in the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov) dbGaP and BioProject (accession numbers phs000247 and PRJNA74943, respectively). Whole genome shotgun reads for C. sakazakii isolates have been deposited to the NCBI Sequence Read Archive (BioSample accessions SAMN08475734 and SAMN08475735).
RESULTS
Of the 2304 analyzed samples from these 121 subjects, 1271 (55.2%) were positive, that is, they contained at least 1 sequence read mapping to a Cronobacter 16S rRNA gene. Of the 121 infants, 115 (95.0%) produced at least 1 positive stool. The overall per-subject median percentage positive value was 57.1 (IQR, 25.5-87.3), and the overall per-subject median read density was 0.07 (IQR, 0.01-0.67) ( Table 1 and Supplementary  Table 1 ). In >90% of specimens, <2% of the 16S rRNA reads mapped to Cronobacter (Figure 1 ), but in a small secondary peak of outliers, accounting for 2.2% of the samples, the per-specimen Cronobacter densities were >4.0% (Figure 1 ). We termed these outlying stools high-density samples. During formula interval 1, one infant had a bloodstream infection with C. sakazakii during the study, but was not enrolled in this cohort.
We identified no significant differences between the per-specimen median positive rates and the DOL interval on which the samples were produced (Supplementary Table 2 ). Neither Cronobacter excretion index differed significantly between formula intervals 1 and 2 (Table 1) . However, among the 903 samples obtained during formula interval 1, 39 (4.3%) had high densities of Cronobacter 16S rRNA gene sequences, while only 12 of the 1401 (0.9%) samples obtained during formula interval 2 had such high densities (P < .0001; Table 1 and Figure 1 ).
We Table 3 ). After multiple comparison correction, infants in the overall cohort whose per-subject positive rates were in the lowest tertile were significantly more likely to be born vaginally than those with values in the highest tertile. The only other statistically significant subject differences were limited to the Apgar scores for infants whose stools were produced in formula interval 2 (Supplementary Table 3 ). Specifically, the 1-minute Apgar scores were lower among the subjects in the intermediate tertiles for per-subject percentage positive rates than for subjects in the highest tertile for this value. The 1-minute Apgar scores were also lower for subjects in the intermediate tertile for per-subject read densities than for subjects in the lowest and in the highest tertiles. The 5-minute Apgar scores were lower for subjects in the intermediate tertile for per-subject read densities than in the lowest tertile.
One hundred fifty-seven samples from 77 subjects underwent culture to attempt to recover C. sakazakii, including 20 negative samples from 20 different subjects. Three of the 157 (1.9%) samples from 2 of these 77 (2.6%) subjects (subjects 1 and 2) yielded viable C. sakazakii (Supplementary Table 4 Table 4 ), and each of the 5 C. sakazakii colonies from the culture-positive samples was ST4. Subjects 1 and 2 were born during feeding interval 2 (ie, after powdered infant formula was discontinued).
The subject 1 ST4 strain had intermediate resistance to cefoxitin and was susceptible to all other antibiotics tested. The Figure 2) . Data were inadequate to assess the effect of antibiotics on pathogen excretion. The subjects 1 and 2 ST4 isolates generated 19 196 256 and 13 914 076 sequences, respectively. Using National Collection of Type Cultures (NCTC) C. sakazakii strain 8155's complete genome reference (4 329 295 bp) for read mapping, isolate genome breadth of coverage was 96.2% and 93.6% for subjects 1 and 2, respectively. Both isolates displayed >395 times average read depth (Supplementary Table 5 ). Compared to NCTC 8155, the ST4 isolates from subjects 1 and 2 contained 623 single nucleotide variants (SNVs) (0.00015% of genome coverage) and 506 SNVs (0.00013% of genome coverage), respectively. Compared to NCTC 8155's 4001 open reading frames, the ST4 isolates from subjects 1 and 2 possessed 531 SNVs (0.00015% of coding sequence coverage) and 439 SNVs (0.00012% of coding sequence coverage), respectively (summarized in Supplementary Table 6 ).
Genomes of both ST4 isolates had high (>99.9%) similarity with the approximately 93% of NCTC 8155 reference genome shared between these ST4 isolates. Moreover, the ST4 isolates contained genes encoding multiple putative virulence factors, including those responsible for the uptake and utilization of sialic acid (ESA_03609-13), enterobactin synthesis (ESA_0091-800), enterobactin receptor and transport (ESA_02727-31), and the structural gene for hemolysin (ESA_2937). The ST4 isolate from subject 2 also contained a type VI secretion system (ESA_00140-00145).
DISCUSSION
Our data offer new insight on the habitat of Cronobacter in preterm infants. Our culture results demonstrate that carriage can be prolonged, and a single infant can be sequentially colonized with C. sakazakii of different STs. It is difficult to speculate on the relevance of the associations between lower Apgar scores for subjects in the intermediate tertiles for the Cronobacter indices. However, the higher proportion of cesarean section births among infants whose per-subject percentage positive rates were in the lowest tertile compared to those in the highest tertile might suggest peripartum colonization via passage through the birth canal.
Abandoning powdered infant formula does not rid a NICU cohort of this genus, as the intrastudy shift from powdered infant to commercially prepared liquid formula was not accompanied by significantly reduced Cronobacter excretion indices. It is possible that Cronobacter persistence through formula interval 2 reflects a yet-to-be washed out reservoir in the preterm infant community, acquisition from caregivers, or baseline peripartum transmission. The similar median Cronobacter colonization indices across the progressive DOL intervals lend support to the last possibility. However, the significantly reduced frequency of high-density specimens after powdered infant formula was abandoned suggests an important environmental component to host colonization. Interestingly, however, the only 2 subjects whose stools were subjected to culture and that then produced viable C. sakazakii were born after the NICU switched to commercially prepared liquid infant formula.
The virulence of ST4 C. sakazakii is established, and the putative virulence loci in the ST4 isolates from subjects 1 and 2 lend credence to their role as pathogens. ST233 Cronobacter sakazakii has been recovered from food (Cronobacter database: https://pubmlst.org/Cronobacter/) but has yet to be associated with human disease, so the implications of its excretion by subject 1 remains uncertain. Our sequences will add to the database of C. sakazakii genomes, and while the ST4 isolates seem closely related, the precise phylogenetic relatedness of strains and intrahost evolution of the pathogen are beyond the scope of this project.
We might have underestimated the frequency of carriage of viable C. sakazakii in this cohort. Specifically, the quantity of stool used for culture might have been insufficient to detect the pathogen when present, and we do not know the viability of C. sakazakii in frozen stools. Conversely, sequence analysis might overestimate of the prevalence of this pathogen, because 16S rDNA of C. sakazakii has considerable homology with other species, including closely related Enterobacter. In this regard, Cronobacter was until recently considered to be an Enterobacter, and the 16S DNA sequences of these genera are >96% identical [23] . We also acknowledge that we cannot precisely correlate type of formula feeds within or between subjects and the percentage of Cronobacter in their stool. Infants can receive many types of enteral feeds within short intervals, making it difficult to associate any particular exposure with the bacterial content of any single specimen. Moreover, we know little of the within-gut biology and the time course of diet-related effects that would enable us to assign boundaries to gut content assessment following an exposure. This problem is confounded by the very low percentage of infants who received powdered infant formula or commercially prepared liquid infant formulas as their exclusive enteral nutrition during the period of sampling. Also, we cannot state with certainty that the Cronobacter sequences in any given subject uniformly reflect C. sakazakii, rather than Cronobacter of different species. Additionally, we chose a cut-point of >4% for assigning high-density prevalence of Cronobacter sequences based on visual inspection of the histogram in Figure 1 . The 2 infants whose stools yielded C. sakazakii on culture had density scores in this range, but future work should assess the appropriateness of this definition of high-density specimens. Finally, we examined independent variables separately, and did not adjust for covariates and potential confounders because of our concern about the relatively small sample size, and we do not know the clinically critical values for the indices that we interrogated. Therefore, while these data might be useful to focus efforts to prevent C. sakazakii infection, it is important to note that they are unadjusted.
In summary, very low birthweight infants excrete viable and putatively virulent C. sakazakii without extraintestinal disease. This study confirms the existence in NICUs of C. sakazakii sources other than powdered infant formula while providing evidence that powdered infant formula is associated with high-density Cronobacter gut colonization, and demonstrates the need to learn more about the habitat of this exceptionally devastating pathogen.
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